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 PURPGSE
The model studies Were conducted to mvestlgate the causes of the cav1tat1on
erosion in the stilling basin and to develop the necessary correctlve measures ‘
to eliminate the cavitation erosion on the ﬂow surfaces. J’
CONCLUSIONS |
1. The 1:18.4 scale model. of one bay was adequate to study the pressures
along the flow surfaces and the sweepout conditions in the outlet works st:ll-

ing basin. 4

2. Excessive wall divergence Just downstream from the control gates caused

the cavitation erosion along the flared walls, Figure 2A. Installation of the

air-admission equipment with seven 2-inch drilled holes and a 2- 1/2 inch by
10-inch opening as vents, Figure 3, will eliminate the oawtatxon erosion in
the. upstream portion of the ﬂa.red walls ' : ;f

3. The cavitation erosion in and downstream for the stoplog slots Flgure L

;; 24, will be eliminated by f1111ng the slots w1th concrete .

4., Severe cavitation on the chute blocks was caused bv 1nsuff1c1ent stream~ .-
lining of the block surfaces. Pressure studies indicated that the installation
of Chute Block 5, Figure 8, w111 eliminate the cav1tat1con on the chute blocks.

5. At gate openmgs above 50 percent and certain tail- water elevatlon..., cavi-
tation erosion may occur on the stilling basin floor immediately downstream
from the chute blocks, Figure 14. No practicable method of rehevmg this
low-pressure region was determmed from the model- sltud1es :

6. Althoughno cavitation erosmn was detected on the prototype baffle plers
after the 1958 1rr1gat1on season, the study indicated that cavitation may occur
on the sides of the pier at near maximum discharges. ! The streamlining,- Pier
6, Figure 16, is adequate to prevent cavitation on the surfaces of the baffle
piers at all operatmg heads and gate openings. { :




.
%

7. The installation of the air-admission equi]pment and: streamlining thc :
chute blocks and baffle piers reduced the stability of the hydraul.ic jump |

8. Under existing tail-water conditions and with the reservoir surface

at the top of the flood pool, or elevation 4753 feet: (a) the outlet works
stilling basin will safely handle the design discharge of 10,000 second-feet
when the powerplant is operating; (b) a combined flow of 10 700 second-feet
can be released through one power unit and the outlet works without the jump
sweeping out; and .(c) with no flow through the powerplant, the jump wi]l sweep
out when the outlet works discharge exceeds {B,OOO second feet. Ty

8. With the reservoir surface at elevation 4640 feet and no flow throulrh the :
powerplant, the jump will sweep out when the outlet works discharge exceeds
8,200 second-feet under tail-water conditions existing in 19859,

. 10, Model pressure measurements in the stilling basin were inconclusive
in establishing the source of the thumping arid related vibrations in the -
structure. Sufficient pressure variations to lnduce vibration were melasured

- along the training wall. " b , 1

11, Modifications of the chute blocks and baffle piers, as determmed from '
thls study, will have no adverse effect on: the erosion in the outlet channel.
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IN’I‘RODUCTI’ONV i

Glendo Dam is located on the North Platte River about 30 miles northwest

of Guernsey, Wyoming. The intake of the outlet works is located about
one-half mile upstream from the dam and by making use of a "hairpin" bend
in the river flow from the outlet works and powerplant-enters the river channel -
about 3 miles downstream from the dam. The circular outlet conduit supplies-
water to both the powerplant and outlet works which adjoin. each other and dis-
charge into a common outlet channel, Figure 1. The outlet works with a '
designed capsacity of 10,000 second~feet is controlled by three regulating
slide gates, each 7 feet 3 inches wide and 7 feet 9 inches high. The power-
plant has two generating units thh a total discharge capacity of 3,400 second-—
feet under full generating load ‘

Construction of Glendo Dam was. completed in 1957 and water storage started ‘
in October. . Releases through the outlet works began in April 1958 and ranged
between 4,000 and 5,500 second-feet during July. Turbines were being in-
stalled in the powerplant, 8o no powerplant releases were made during 1958,




When the outlet works was f1rs‘c placed in operation, an audible, periodic-
.thump was noted in the stilling pool at:certain gate openings and vibrations
could be felt in the basin training walls and the walls of the powerhouse. 1/ ;
In July when the discharge was increased fo about 5,000 second-feet, the ™ - - |
thumping and vibration became more pronounced'and the. top of the left
training wall was observed to deflect about.1/8 inch. On. July 22, “the. outlet

. ‘works was shut down and a diver inspected the flow surfaces in the stilling

" ‘basin. This inspection disclosed evidence of cavitation erosion at the be-

R gmmng of the flared walls immediately downstream from the control gates,

( N . -in the stoplog slots in the flared walls, and on the sides of the center chute

block in Bay 3. 2/ During the remainder of the lrrlgatlon season, releases

‘.;f-g'j'_' were made throu_h Gates 1 and 2 wz.th Gate 3 closed : .

In October, the. ba;sin was unwatered and a deta:.led mspectlon of the flow
surfaces disclosed extensive cavitation erosionin the flared walls, at the
bottom of the stoplog slots, and -along the sides of the center chute block in
Bays 1 and 2, Figure 2. 3/ No evidence of. cav;Ltatmn was. found on the g
baffle piers or at any: cons'"tructlon Jomts. G i _ :

The extensive damage in- the flow surfaces at the ﬂared walls and on the
chute blocks required immediate corrective measures to prevent further
deterioration of the surfaces by cavitation. A hydraulic model was.con-
structed and tested to determine the cause.of the cav.itatlon and to develop
the necessary corrective measures : ,

ThlS report. discusses the results of that. model study

.THE" MODEL

The studies were. conducted on.a 1:18.4 scale model of the outlet works and
downstream river channel, Figures-l:and 22A. Because of fund and time
limitations, only one.of the three bays was made operative. An existing
gate was modified and installed in Bay 1, and the flow conditions for 3-bay ,
operdtion were represented by extending the .dividing wall between Bays 1
and 2 to:.the sill at.the. end of: the basin, thus. formmg g lme of Symmetry

at the left edge of Bay 1.

Three-bay operatmn was’ represented in the l-bay model by releasmg one-. -
third of the basin discharge through the model gate in'Bay 1 and setting thef

1/ Travel Report "Inspectlon of Bonnet Cover Leakes in the 7. 25 by }

‘ 7.75-foot outlet gates--Glendo Dam, ' April:29, 1958, by Warren Kohler.
2/ Travel Report "Inspectlon of Glendo.Dam Outlet Works Stilling Basin--
Glendo Dam, '" August 27, 1958, by R. W. Whinnerah and W. E. Wagner.'
3/ Travel Report "Examination of Outlet Works Stllhng Basin--Glendo. Dam, "
November 3, 1958, by M. A. Jabara. . ,




tail water for the total basin discharge. Sweep-out data obta:.ned from the ‘
1-bay model check reasonably close the operation of the prototype and the
results of the previous model study with three operating bays. Therefore,
this isolating 1-bay model was:considered adequate to study the pressure
conditions along the flow surfaces and the sweep- out characterlstlcs of the -
stilling basin for 1- and 3-bay: operatlon .

THE INVESTIGATION.

General

The inspection of the prototype flow surfaces indicated three regions of cavi-
tation damage that reqmred corrective measures: the flow surfaces along

the flared walls, those in vicinity of the stoplog slots, and those.on the sides
of the chute blocks. During the study, a fourth ‘region of probable cavitation
damage was found along the sides of the baffle piers. This condition was
aggravated by changes in shape and streamlining of the chute blocks

These four regions of low pressure were mvestlgated more or less simul-
taneously during the study. For presentation in this. report however,. each
is discussed separately. ‘

Extensive pressure data were recorded from piezometer taps placed in’
critical regions of the flow surfaces. Single-leg water manometers were
used to obtain the average pressure at the piezometer taps.: When the. average
pressure reading indicated pressures near the cavitation range, a dynamic
pressure transducer and Sanborn recorder were used to measure and record
the pressure vanatlons From these recordings, the maximum and minimum
1nstantaneous pressures were obtained. ‘

Several reservoir elevations were used in mvestlgatmg the structure Early ,
in the study, the tests were conducted using heads comparable to the maximum
reservoir elevation of 4669 feet. . Between reservoir elevations 4653 and 4669 -
feet, the uncontrolled spillway will operate and considerably more tail water
will be available at the outlet works which would change the flow characteristics
of the stilling basin. Later in the study, reservoir elevation 4653 feet (top of
flood storage) was used because this elevation is the maximum head at which
the outlet works will operate without additional tail water from the spillway.
Several studies also were conducted using reservoir elevations of 4625 and
4635 which were the representative operating heads during the 1958 and 1959
irrigation seasons. ‘

Reports on the operatlon of the protctype structure have mdlcated that com-’
paratively small changes in tail water elevation affects the performance of
the stilling basin. Consequently, many of the tests were made at tail-water
elevations other than normal. The tail water used for a particular test is
referred to normal tail-water elevation, which for the purpose of this study
is 1 foot below the tail-water curve used in design, Flgure 23. The tail-
water curve existing in 1959 falls slightly above the "normal" tail-water
elevations used in this study. =2




Flared Walls

To ehmmate the cav1tat10n erosion in the flared walls 1mmed1a+e1y down—w. e
stream from the gate, it was- proposed prior tc.the model studies that air-
admission equipment with a 2-1/2-inch by, 10-inch opening at the base of a.
3-1/ 2-inch offset be installed at the upstream end of the flare in Figure 3.
Tests were conducted. both with and mtnout ﬂ‘llS proposed ventmg system
installed in the model. = = r S : i S

With the structure as originally constructed (no air vents), average pressures
equivalent to 30 feet of water below atmospheric were observed at piezometers
placed immediately downstream from the start of the flared walls and 9 and
37 inches prototype above the chute floor, Figure: 4. When the air-admission
equipment (2-1/2-inch by 10-inch opening only) was installed, the minimum -
average pressure as medsured by water manometers was 5 feet below atmos-
pheric immediately downstream from the air vent, and the minimum instan-
taneous pressure measured. by pressure.cell was 12 feet below. atmospheric,
Table LA. The vents took air at all gate openings and discharges; however,
the demand for air was greater when the jet from the gate was submerged

These tests indicated that the 2-1/2-inch by lo—mr*h npemng was adequate to
eliminate the cavitation erosion.along the wall. atx . “=el of the opening. It
was believed that the.offset, with air supplied near“c._gv,*loor, ‘would permit
sufficient circulation of air o relieve any cavitation pressures above the
opening. The air-admission equipment with the 2-1/2- by lO-mch opem.ng,
therefore, was installed in the structure early in 1959

Sustained outlet works releases up.to a maximum of 7, 000 Second feet at .
reservoir elevations between about 4,595 and 4,625 feet were made during .
the 1959 irrigation season. The powerplant was discharging up to 3,600
second-feet which raised the available tail water and submerged the jets
during these releases. .In October 1959, ‘the stilling basin again was un-
watered. Cavitation damage, 14 to 25 inches above the chute floor, was
found along the flared walls, Figure 5. Most of the releases were. made
at gate openings between 10 and 24 inches, indicating that the.cavitation
occurred in the vicinity of the interface between the hlgh—velocrty jet and

the backwater from the stilling basin.

When it was learned that the 2- 1/2 by 10-inch opening was insufficient to
eliminate the cavitation above the opening, additional model tests were
conducted with six circular holes spaced above the opening (see sketch in
Table 2). Tests were conducted with theoriginal 2- 1/2-Dby 10-inch opening,
with six 1-1/2-inch circular holes drilled on 3-inch centers above the opening,
and with the six 1-1/2-inch holes enlarged to 2 inches. Pressures observed
with these vent arrangements are. shown in Table 2. e i

The 6 additional vents placed above .the 2- 1/ 2- by 10- mch opemng helped the
pressure.conditions along the flared walls.  The 2-inch holes, which were
the largest circular vents that could be placed in the.offset, gave higher




pressures.than the 1 1/ 2 .inch holes.. The mstantaneous pressures usmg the ‘
2-inch vents, however, still indicated possible cavitation at Piezometer 8 for

20 percent gate opening and ‘at: Piezometer 9 for 25 percent ate opening. It
was decided to reduce the spacmg of the vents from 3 to 2-1/2 inches between
centers and provide seven vents in the same vertical distance, Figure 3. This
vent arrangement, which was not tested in the. model, prov:.ded the largest vemnt
area consistent with adequate structural. support for the. air duct and was chosen ‘
for mstallatlon in the field.

Figure 2 contains representatwe oscillograph records. of pressures recorded
at critical piezometers with one 2-1/2-.by 10-inch vent installed as compared
to an arrangement of one 2-1/2- by 10-inch vent and six 2- inch holes, ‘

Stoplog Slots

Two piezometers were installed in the vicinity of the stoplog slots, Figure 4,—
where cavitation erosion occurred in the prototype. Limited model tests indi-
cated no cavitation pressures at these piezometers. No additional piezometers
were installed to pinpoint the cause of the cavitation in the prototype, because
the modifications to the structure included forming a continuous surface along
the flared walls by filling the exlstmg grooves with. concrete whlch would elim-.
inate any cavitation tendencies in this area. :

i :
Chute Blocks

Average pressures observed on *he original chute block indicated cavitation
would occur near the sprmg point of the elliptical curve at gate openings aboye
50 percent and reservoir elevation 4653 feet (top of flood storage), Table 3A,
Instantaneous pressures measured at other piezometers mdlcated a still larger
cavitation region in the vicinity of the sprmg pomt ‘

In developing satisfactory chute blocks for the bas:.n, 11: was desnable that two
design requirements be met: (1) the block surface must be free of cavitation,
and (2) the effectiveness of the stilling basin should not be impaired. In S
general, these two reqmrements oppose each other; that is, additional curvature
on the sides of the blocks is normally needed to raise the pressures, and in-
creased curvature reduces the effectiveness of the block in deflectmg the high
velocity jet and stabilizing the hydrauhc jump.

Seven chute block designs were tested and varied in. height (2.9 to 7 feet), in
width (5 to 7 feet), in slope of the block top, and in curvature of the sides of
the block. v ‘ ,

In general, the tests showed that the orlginal block. (7 feet hlgh with upward
slope) was best in stabilizing the hydraulic jump but gave the lowest pressures
on the block surface. Improved pressures were obtained by increasing the
curvature of the sides of the original block, but the improvement was insuffi-
cient to insure cavitation-free block surfaces. The upward slope was then
removed from the original block making a block about 2.9 feet high; this
shorter block caused large boils of water to form above the baffle piers and




more tail water was required.to hold the jump in the basin. Next, a block
with horizontal top and 4 feet 7 inches in height was tested, and the basm
performance was similar to that with the origmal block mstalled

The preliminary tests indicated that the chute block should be: at least 4‘ ’1/ 2
feet in Height, but the test results were inconclusive in establishing that 2
block with an upward slope gave a better jumpthanthe one with a horizontal
top. Therefore, it was decided to develop a block with a horizontal top and

a height such that the top of the block intersected the chute floor at a point 2
feet downstream from the contraction joint &t Station 36+46, Figure 1. Tests
of several variations of this basic design were.conducted, J.ncludmg blocks
 with parallel sides, tapered sides to conform with the diverging flow, and

" with widths of 5 and 7 feet. The test results indicated little preference among
the various shapes as far as jump performance was concerned. Although no
pressure tests were conducted on the various shapes, a block with tapered.
sides was chosen for detailed pressure tests since a flow surface that is-
parallel to or encroaching on the flow lines generally requires less siream
lining than one diverging away from the du-ectlon of flow.

The sides of the tapered block (Chute Block 5) were. streamlmed w:.th & 5: 1
elliptical curve in the direction of flow or parallel to the chute floor, Fl.gure :
8. Average pressure observations recorded for 25 to 100 percent gate openings,
reservoir elevation 4653, and normal tail water are shown in Figure 9. The
lowest averdge pressure.observed on the bloc -was about 4.6 feet of water
below atmospheric at Piezometer 21 located on.the downstream end of the
block. About 4.4 feet below atmospheric at 83 percent gate opening was the
lowest average pressure observed on the/sides of the block. The lowest
instantaneous pressure with normal fail ‘water occurred at 50 percent gate
opening and reached about 10 feet below atmospheric at Piezometer 4 on the
side of the block and at Piezometer 21 on.the downstream end of the block,
Table 4. Itis mterestmg that the lowest average pressure occurred at 83
percent gate opening while the lowesi instantaneous pressure was observed -

at 50 percent gate opening. This 'apparent inconsistency was due to the posi-
tion of the hydraulic jump in the basin; at 83 percent gate. opening, the jump
was practically swept from the basin, and .the chute block was free of back- "
water from the jump; at 50 percent gate opening the jump roller extended up-
stream completely covering the chute block, and the surges inherent in the
jump roller caused large pressurs ﬂuctuations on the block surface. :

Average and instantaneous pressures also were recorded for various gate
openings with the tail water elevation 1.5 and 3.0 feet above normal, Table

4, In general, slightly higher average pressures were observed with the
higher tail water elevations. The instantaneous pressure, however, generally
was lower with the increased tail water for the reasons siated above. The
lowest instantaneous pressure observed on the chute block was 17 feet below
atmospheric at Piezometer 3 at 50 percent gate opening and tail water 1-1/2
feet above normal. Slightly lower pressures were observed at Piezometer
25 in the floor downstream from the block; these are discussed under ''Basin
Floor Pressures.

;\ 3
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On the basis of the above block tests, Chute Block .5, Figure 8, was chosen
for construction in the prototype. ' Plots of the average pressures observed
on Chute Block 5 for gate openings. of 25, 50,75, 83, and 100 percent and -
different tail water elevations is shown on Figure 9. Figures 10 and 11 show
a comparison of the variations in pressure for the orlgmal and recommended
chute block at gate opening of 60 and 83 percent and normal tail water,

/i
Basin Floor Pressures

Piezometer 25 located on the basin floor, Flgure 8 ‘indicated ‘tha'r a low- ,
pressure region existed immediately downstream from the chute blocks. To
determine the extent of this low-pressure region, tests were conducted with

12 piezometers placed in the basin floor, Figure 12. 'The average pressure
pattern for different gate openings and tail-water elevations is shown in

Flgure 13. The lowest average pressures were observed at 100 percent gate
bpening and normal tail water. Increasing the tail-water elevation 1-1/2 and -

3 feet had the effect of increasing the average ﬂoor pressures at all gate. operu_ngs

Table 6 contains the average and J.nstantaneous floor pressures recorded down-—
stream from the original and recommended chute block for varJ.ous gate open-
ings and ‘rall-water elevatlons

pressures on the floor downstream from the block. Although the average
pressures generally increased with higher tail-water elevations, the minimum
instantaneous pressure became lower as the tail-water elevation was increased.
Thus, the higher tail water apparently changed the vortex flow pattern and in-
creased the pressure variations downsiream from the blocks. The minimum
pressures at Piezometers 2, 11, aﬁd 12 were within the cavitation range at

all gate openings above 50 percent, Table 6. ‘Recordings of instantaneous
pressures at representative piezometers for 50 percent gate opening and
normal tail water is shown in Figure 14. _ : :

Various accessories were placed in the basin in an- attempj'c to relieve the :

low pressures downsiream from the block. These included 6% to 24-inch-

high vertical steps between the chute blocks at Station 30+75.72, Figure 1;
3.6-foot-high extension walls at the block sides and downstiream from the '
chute block; a 4. 8-foot-high fin wall along the block center line and downsiream
from the chute block; and trla.ngular shaped extens:.ons downstream from the =
blocks. S

Each of these accessories either had no appreciable affect on the pressures
or moved the low pressure region farther downstream from the block.

An air vent was also placed in the floor immediately downstream from the
chute block. Preliminary tests at 75 and 83 perceni gate opening indicated
that the vent took no air. Different quantltles of air wére then forced through
the vent. Small quantities of forced air lowered the minimum- pr essures and
a comparatively large blast of air was required to dampen the pressure fluc-
tuations and raise the minimum pressures. ‘




These test results indicated that there were no known, practicable method
of relieving or raising the low pressure in the basin floor immediat ely down-
stream from the block. It is possuble, therefore, that cavitation erosion
may occur in this region at gate openings above 50 percent. :

Baffle Piers

Average pressures observed on the original baffle. pler, Flgure 15, mdlcated
that cavitation would occur on the pier surface at reservoir elevatxon 4653 feet
and gate openings above 50 percent, Table 3B.. During the 1958 irrigation -
* season, the Glendo Basin operated over a considerable period of time at gate -
openings of about 60 percent and reservoir elevations between approxlmately
4595 and 4625 feet, and no cavitation erosion on the prototype baffle piers

was reported. Average pressures observed on the model indicated that the
mimmum pressures on the baffle piers will occur at 83 percent gate opening
‘and reservoir elevation 4653 feet. . Instantaneous pressures observed at 36
and 60 percent gate openings also showed that cavitation.-was probable at 60
percent gate opening. The fact that no.cavitation erosion was noted on the
prototype baffle piers was probably due to the lower-than-maximum operatlng
heads and the large amount of entrained; a1r in the jump. :

\

As a result of the above studles, it was evident that additional stream lJ.n.Lng

of the baffle piers was required to insure.cavitation-free piers at near~maximum
gate openings and operating heads. Six baffle pier de51gns with varying degrees
of stream lining were tested, Figure 16. Average pressures in or near the
cavitation range were observed on Piers 1 (original), 2, and 3. ‘Tests un these
piers indicated that the lowest pressures occurred .on the pier sides next to the
training wall and the extension of the dividing wall; considerably higher pressures
were observed on the sides next to the center line of the bay.

For structural reasons and ease of constructlon, it was desired that the shape
of the existing pier be modified by placing a minimum of 6 inches of new rein-
forced concrete on the exposed pier surfaces, thus making the new pier 12
inches wider and longer and 6 inches higher-than the original. Increasing

the width and height of the piers had the effect of offermg more resistance to
the flow and permitted more siream lining of the pier without sacrificing its
efficiency. Piers 3 through 6 were thus larger than P1ers 1 and 2.

The minimum average pressure observed on- ‘Pier 4 was 23 feet below atmos~ :
, pheric at 75 percent gate opering and occurred on the elliptical curve near
the upstream nose. Thus, still more stream lining was. indicated in the

v vicinity of the pier nose. : :

Extreme stream lining of the sides was provided on Piers 5 and 6, Flgure 16,
and considerable 1mprovement in the pressures was noted. ,



Minimum ' Mlmmum

Pier average pressure mstant pressure : Lo
1,2,3 | <-30feet | Not obtained
4 ‘ -23 feet Not obtained -
5 -10 feet - -26 feet RS
6 0 feet -~ | -1(5 feet . Ty

The above table.clearly indicates the preference of Pier 6 over the other p:.ers L
as far as pressures were concerned. Also, the basin performance, which is o

discussed later, was similar when either Pier 5 or 6 was insizlled. There- o s
. fore, Pier 6 (Flgure 17) was chosen for mstalla’a.on in the prototype

Average pressures observed on the. recommended baffle p1er are shown on

Figure 18, and a tabulation of pressures for different gate openings and-

tail-water elevations is contained in Table 5. All observed average and.
instantaneous pressures were well above the cavitation range. A comparison

of the variation of the instantaneous pressures on the orJ.gmal .and recommended
baffle pier for 60 and 83 percent gate opemings is shown in Flgures 19 and 20 '
Details of the recommended baffle pier is shown in F&gure 21 :

Basin Performance

The basin performance with the various fest blocks and piers was evaluated
rlmarJ.ly by recording the tail-water elevation when the hydraulic jump
'swept' from the basin. ''Jump sweepout' was defined as the tail-water'

elevation at which the entering flow broke through the tail water. and was

deflected upward at the baffle r\-“"s, F1gure 22B

Tail water and sweepout curves for the stilling basm are shown in Figure 23.
The uppermost curve is the computed tail water curve used in originally de-
signing the structure. Prototype tail-water elevations observed at Glendo - ¢
during 1958 and 1959, however, showed that the existing tail water was con-
siderably lower than the computed curve used in de51gn ;

In June 1959 test releases were made. through the outlet works to. {xd etermme,
among other things, the stilling basin performance and the existing tail-water
conditions in the outlet works. 4/ The test releases showed that the existing
tail water, as observed in the powerhouse tailrace near the draft tubes, was
from 0.5 to 1 foot lower than the design tail water when both the power units
and the outlet works were operating, Figure 23. When releases were made
through the outlets only (no flow through the powerplant), a still lower tail- ‘
water curve was obtained. The lower tail water for outlet flows only was B
attributed to the "ejector action" .of the high-veloc1ty ﬂow at the downstream

end of the stilling basin. : ,

4] Travel Report "Controlled Test Releases Through Glendo Dam Outlet
Works and Powerplant~~Glendo Dam, " July 16, 1959, by W. E. Wagner.
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Sweepout curves as determined from the model ‘are also shown in FJ.gure 23.
Curves A and B are the sweepout curves for the original and recommended
stilling basine, respectively, with the reservoir elevation at 4653 feet. When"
the original basin was modified by lowering the block height and by additional
stream lining of the baffle piers, the jump swept from the basin at a higher
tail water elevation; thus some of the safety against sweepout, amountingto
about 0.6 foot for a discharge of 10 000 second-feet, was lost by modlfyi.ng

the basin. .

The sweepout characterlstlcs for the stllhng basm also were determi.ned for
reservoir elevation 4640, Curve C. In addition, the tail-water elevation at

which the chute blocks were uncovered or the toe of the jump coincided with
the downstream end of the chute block was determined for reservoir elevation -
4640, These tail-water elevations are represented by Curve D.

Certain conclusions may be reached by comparing the posnlon of Curves A
B, C, and D with the existing tail- water curves., : L

A. Reservoir surface at the top of the flood pool, or elevatlon 4653 feet

1. The outlet works stilling basin will safely handle the design dis-
charge of 10, 000 second-feet when the powerplant is operating.
Under full load both power units discharge 3, 400 second-feet and
prov1de about 1.4 feet of additional tail water which places the.
existing tail-water curve for powerplant and outlet works flows well
above Curve B. :

2. By placing one power: unit in operatlon (dlscharge 1,700 second-
feet), the tail water is raised a minimum of about.0.6 foot which
places the existing tail-water curve for outlet flows only above
sweepout Curve B at discharges less than 9,000 second-feet. Thus,
a combined flow of 10,700 second~feet through one power unit and.
the outlet works can be released without the jump sweeping out.
Additional safety against sweepout probably w11] exist, because the
flow from one unit will partially nullify the "ejector action' and:
raise the tail-water curve above that for outlet flows only.

3. With no flow through the powerplant, the jump will sweep out
when the outlet works discharge exceeds 8,000 second-feet.

Reservoir surface at elevation 4640 feet:

1. With no flow through the powerplant, the jump will sweep out
when the outlet works discharge exceeds 9,200 second-feet.

2. With no flow through the powerplant, the chute blocks will be- -
come uncovered when the discharge reaches 8,000 second-feet.
As the discharge increases above 8, 000 second-feet, the toe of
the jump moves downstream and at about 9,200 second-feet the




 jump sweeps out. Discharges between 8,000 and 9,200 second-feet
places the full jet impact on'the baffle piers. Such a flow condition
is not recommended for prolonged periods of operation. ‘ -

Scour tests conducted with the original and recommended designs indicated
that the basin modifications will not cause greater displacement of riprap in
the outlet channel, Figure 22C and D. The scour patterns resulting from a
discharge of 10,000 second-feet are practically identical for the two designs -
and are similar to that observed in the prototype when the basin was unwatered.
It is concluded, therefore, that modifications to the chute blocks and baffle
piers have not affected adversely the scouring characteristics of the flow in -
the outlet channel. L Tty B Cte

Training Wall Vibration

When Glendo outlet works was placed in operation during the summer of 1958,
an audible thumping noise was noted in the stilling basin and:vibrations were
observed in the basin training walls, particularly the left wall which.is canti-
levered between the basin and the tailrace. There appeared to be a direct re-
lationship between the pounding noise andthe wall vibration, because the greatest =

wall deflection appeared to gccompany the loudest thumps. The thumping noises =

and vibrations persisted through the 1958 irrigation season and became more
pronounced during the latter part of the season when the outlet works discharge
ranged between 4,000 and 5,500 second-fget. No power was generated during
this period. ' ' LT e '

At the end of the 1958 irrigation season, the basin was unwatered and extensive
cavitation damage to the sides of the chute blocks was found, Figure 2. The
gtructure was modified during the winter of 1958-59 by changing the height and"
- ‘shape of the chute blocks and baffle piers as determined from the studies des-

cribed in this report. e e B S '

oAt

The powerplant was placed in operation in May 1859 and during the 1959 irri-
gatiom~geason the powerplant discharge varied between 2,000 and 3,600 second-
feet and provided about 1to 1~1/2 feet of additional tail water for the outlet
works. The outlet works discharges during this period ranged between 3, 000
and 5,000 second-feet, except for 6 days when the discharge averaged about. . ..
7,000 second-feet. No thumping noise or wall vibration were reported during
these normal releases. , T ' ' B ‘

Thumping and vibration was noted, however, during the test releases in June
1959. The thumping was first observed when the outlet works discharge
reached about 7,000 second-feet and persisted through the remainder of the
tests,. including 7,500 second-feet through the outlet works only and combined
outlet and powerplant discharges of 7,500 up to 9,100 second-feet. Following
these releases, which were made by increasing the discharge in increments
of 500 second-feet, the outlet works test releases (no flow ‘through the power-
plant) were repeated with discharges decreasing fram_ about 7,500 to 5, 000
second~-feet. Thumping noises and wall vibration were 'noted during each vof




these repeat tests. It is significant that wbration was. not noted in ‘the earlier
tests until 7,000 second-feet was released while thumping noises and vibration
were clearly noted at lower discharges of 6,000 and 5,000 second-feet during
the repeat tests. Also, slightly higher tail-water elevatlons were recorded

. during the repeat test releases. .

A possible explanation for the noises and VJ.bratJ.on is the formation and collapse
of cavitation envelopes on the flow surfaces in the vicinity of the chute blocks.
Cavitation envelopes collapse audibly with tremendous force which. could be
transmitted to the walls, but the frequency is considerably higher than the
frequency of the noises and vibration observed at Glendo. The fact that no
cavitation damage was reported after the 1959 irrigation season fails to

support this theory. However, the basin operated only a:comparatively short
period of time at. dlscha:rges accompamed by noises and vibration. -

Another explanatlon for the noises. and v1brat10n 1s ‘the. unsteady pressure forces
on the blocks caused by variations of the separation and vortex flow patterns -
with and without cavitation. These varlable loads on the blocks may be trans-
mitted through the structure to the wall; or the pressure variations in eddy
patterns near the trailing edge of the blocks might be transmifted to the wall
and initiate the vibrations. Changes in tail-water elevations affect these
separation and eddy patterns, which would: .explain why vibrations were observed
during the repeat test releases and not during the earller tests.

In an attempt to correlate the pressure variations w1th the vibration of the
training walls at Glendo, piezometers were placed in the splitter wall exfension
between Bays 1 and 2 in the model, Figure 24, to. determine the variation. 1n
pressure along the wall. Average and instantaneous pressures for three
representative flow conditions were recorded, Table 1B. No attempt was made
to represent the wall rigidity or to measure the wall vibration in the model

The greatest pressure variation, eqmvalen’f to. about 40 to 50 feet of water, -
occurred at Piezometer 1 located near the basin floor and about 3 feet down-
stream from the chute blocks. The pressure variation decreased to about
20 feet of water near the downstream end of the wall and to a few feet of .

_ water near the water surface. The magnitude of these pressure variations
is sufficient to cause the wall to vibrate, particularly if the frequency of ‘ o
pressure variations coincides with the natural frequency of the training wall. e

These tests are inconclusive in establishing the source of the thumpihg noises
and vibration; they merely indicate that sufficient pressure variations to
conceivably induce vibration are present along the training walls.
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. PHESSURES ON FLARED WALLS AND SPLITTER WALL EXTENSION

"A.- PRESGURES ON YLARED WALLS

Tailvaier [ Piezometric Pressure in Yaet of‘ﬁur;ﬂ'
elevation " N -

lewomser | 18 19 0] .2 2 23| & 2 26| 7

"1, Original Design (vithout air vents) = i

1008 ©. : S oave® ol 0.9 7 3.81 9.3 -29.8 /503 [0
4504, (Normal) | - Max#s : (2643 | 28.2 // :

(22,800 cf1) o ones | 213,91 0.7 :

4503.5 (Hormal):| - Ave 2.2 s [0 07 3.7 e

75% ©
(3,500 cts)

» Ave 7.2 5.2 9.8 =261 =23.5
(4,500 cfe 45014 (Normal) Max 27.6 : :
Min
Ave

2 gates) 8 |-23.0:".

4502.4 -(Rormal) 111 -12.3 013

me
(6,400 cts) ‘ )
12,0 5 2.9 ka2

3648 ) . o
. 4501.2 (Normal) 3 R : '36.9
(%,200 cfs) -15.9

254 ¢ 14499.8 (Normal) 11,5 .50.T
(2,200 cfs) (2 gotes) :

‘2, {With 2-1/2- by 10~inch Alr Vent Installed

100%° s Ave wew 0 3,17.00,9 | 10,9 [ eas e
4504 ,7 (Hormal) Max L P
Min

4503.5 (Normal) : 1.5 7.6 | 8.

. 0.6 6.7 9.6
L501.L (Normel) :

uso2. (Horsel) 2.4 DT

12.8 SR P 1) N, 2
W501.2 (NFormal) .

OH SPLITTER WALL EXTENSIOR

Piezometer w oM W oW ™o B

4505.2 (Normal Ave 8.3 .°19.3 . 23.2 - .

plus 1-1/2 feet) Max - :|:36.8° 35.0 21,6 | 22,1 | 2.8 -:20.2
Min 1-18.4 b6 20.2 -

83% b Lo ; X

(30,000 cfs) Ave W,7 2l 24.9 .

4506.7 o Max 42,3 33.1 1B,k

‘Min 9.2 8.3 O ]

. 4501.4 (Normal ; .8.3 ka2 - v NES

plus 1-1/2 feot) Max 26.7. 23.9 : 11,0 ;

4 Min o |-l4.7 0 3.T )

{4,500 efs

shru 2 ) Ave - 1270017 . ‘2.9

. gates) 4502.9 . TMax 7] 29u T RTLE T T e 3aT 14,7
. ot e80T IO B I

Ave - | 164 °19.3

k7 3 4501.2 (Normal) Max 26.7 - 23.9
{&,200 cts) Min T4 275

Note: See Figures 4  end. 24 for plezometer locations. o
#Aversge piezomsiric pressure as peagured by vater manomster.
*aximum and minisum pl tric p c. 88 d-by p!
###piezometers vers covered by sir vent passages.
a Reservoir elevation = 4,625 feet.
b Reservoir elevation = 4,653 feet,
¢ Regervoir elevation = 4,660 feat.




MNMH murmfnm
(wr ouvluu-4,6” toot) X

- Plesomstrio preseurs in feet of water
: N ; ; .
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208 Mo 23,0 27,6225 A1.5° 43,0 46,0 40,5
(2,430 ota) k P L -
4303.3 Max ‘2.6 29.1. , 20,07 42,3
M -36.8 -18.4 56,2 . 40,3
: are ALl <18 a9 (4120 2.0 a2 w22 2,3 w29 2,0 a8 2.8 k.0 9.9 125 1.420,7 {90 8.6 81 [ 9.4 9.6 90
! 4502,1 (morwenl) Max L7 W7 184 K ; g . . o R I s ) S
25%. Wan ~21.6 E - !
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PRESSURE ON ORIGINAL GHUTE BLOCK 'AND BAFFLE. PIER
(reservoir elevation:= 4,653)

A. . PRESSURES ON ORIGINAL COUTE SLOCK

Gate
- opening

“Tailvater
elevation

Plezometric Pressure in Feet of Water -

) 8

-2 3-

y

5

PE

:?2?200 cfs)

4504 .4 (Sormal)

«29.0

-25.0 . -13.8.

2.6

=35.0

8,
(%,ooo cta)

4503.7 (Normal)

«29.1

-25.2 =107

=52.5

T5%
(9,000 cts)

4503.3 (Normml)

254

24,3 5.1

45,0

60; a
(4,500 cfs thru

55014 (Normal)
2 gates)

-17.1
18.4
b1k

-10.7
23.0 .
=3k.5

-35.0

%gtwo cfs)

4502.3. (Normal)

-13.8

=5:3

L-31.3

%ffa.oo cfs)

4501.2 {Normal)

16.1
-29.9

0.2

2.6
‘18.4
-24.0°

.5

%gfmo cfs)

4500.6 (l!or-.l)‘

2.4

b6

Y12

Note:

See Figure 7 for plezcmeter locations.

3. PRESSURES on,onmmx."mmz PIER

T35 |

e

38

39

]('g,zoo cfs)

45045 (Normal)

1.0

=31.5

6.6

9.6

83% :
(10,000 cts)

4503.7 (Worme1)

7.0

-3

-13.1

3.5

5%
(9,000 cfs)

4503.3 (Normal)

6.6

=29.2

-3.9

[ &
{%,500 cfs thru

4501.4 (Normal)
2 gates)

=53

138

«20.7

2.2
29.9
. =276

50%
(6,100 cfs)

4502.3 (Norml)

1‘3

8.1

36‘5
(4,200 cfs)

4501.2 (Normal)

b6
3.2

6.6

7.0

13.8

10.1
3.7

25%
(3,100 cts)

4500.6 (Mormal) .

Ave
Max
Min
Ave

1.0

8.1 9.7

W9

Note:

*Average piezometric pressure as
#Haximm and minisum piezometric p

See Figure 12 for piczomster locations.

d by wvater.

a Heservoir olevation = ,,625 feet,




Tsble 4

" (reservoir elovation = 4,653 fest

Plezcmotric Freasure ‘in Feet of Water
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Indle 5 ‘
PRESSURRS ON RECOMKENDED MAYTIE PIER
(reservoir elevation = 4,653 toet)

Piazometric’ Pressure 1:: Foat of Water

Tailvater . :
elavation S ! ' ; : v ’ :
. 1 2 3 & 5 6 7 8 9 10 1 12 13 pUs 15 1728 19 20 2223 24 25

M504 (Normal) B5.6 32,0 26,6 9.6 8.6 6.6 30.9 177 110,577 9.2 | 7.5 710.7T 1 10.7 155 2.9 12,9 12,7 17.8 " 24.1 S2.6 w240 10,6 0
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4503.7 (Normal) 216 15557 9.2 | T8 ‘ o , , 2.7
1.8 Tk =307 : : 2 k2 0 ‘ ’ : -3.7
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o
.
O
h
]

bo
e
o

83

bFo
$

(10,000 efs)

Lo F Nkl
[]
:

Do Vo

o
»

.
.
«

?SME?R 60513‘
badivk &

75%

o oapMwo

.

S o oo
!
T v

82.6 167 6.8 7.2 °10.9 {116 116 UT.0 T 10,101 116 131 715.5 22,3 33.9 15.3016.2 023,27 il
h504.8 23.9 . 20.2 18.4:°26.6 . 19.5 - 214 | 16.8-.20,2 27.6 36.8 . : T
(5,000 ets) : 22,9 T4 09|70 : b 3.00] 64T 7.3 5450 3.

obF
No®@ VFDY

67.9 20.6 ‘13.2 - 13.1 -15.3 |'15.8° 17.3 3.2 '13.2 k.5 |15.3. 18,0 28.2 22,8 © 28.9 17.9 18,0 23.0 26.5 | 46.0
4506.3 27.6 22,1 .21.3]:20.2: 20,57 17T | 1945 . I :
~5.5 3.7 6.b | 11,0 a8 3.0 | 10.3 :
BBh 9.9 7.2 10.3 13.8 | 15.5. . 5.1 7.2 - 9.9 - 3.1} T 27.3 0 2705 23.0 32,0 18.7  17.5  23.6 . 30.8 | B5.1
ksoL.le (Wormadl) ‘22,1 22,1 :20.2°| 184 . . ’ o . : ) :
=5.5 5.5 Tk [-11.0

b3k 16.6 16,5 15.6 . 17.3 {1180 .7 16.0 15,3 16.6 | 17.17.19.9 '18.8° L5254 | IT.L 1B 184 215 26.7 | 354

‘K)'\.IIZP‘:

ot whe

&

1]
I
ol
[
[~
€
©
g
o
i
]
"

wb
b

608 &

it )
o Folrow

)
p-J

4502.9 23,9 20,2 22.) |'19.3

7
(u,mcr. =3.7 T4 9.2.0 22.9 . ) ) : : 5.5 k5255

2 gates) h504.4% 396 2.3 195 19.0 19.3 19,1 214 18,8 18.0° 18.% ‘210 a1l o8s 0-zol 2 ok _ég.u 9.9 " ‘3.6 20,1 0.5
§502,3 (Mormal) 43.3 5 9.7 13 .0 i%.9 8.1 9.5 3BT 15.3 . Es.E 17.5  17.8 . 22.1 _ 29.3 3. 9.0 K 2 .3

50% 41,2 19,3 .17.T. 17T 191 | 19,1 1747 16:9. 377 29.1 | 16.6...19.9 19.9 - 2L.5 33.3 19.5 19.3 -2%.2 ~ 23.9 | 32.0 710.9 '10.3 20.2 10.3
%553.8 25.8 23.9 123.9 | 22.1 : . 14,6 16.4 - 23.9 ' 16.5

5.5 ..21.0 M7 [:26.6 .. : : ; 7.2 54 184 1.0

(6,100 cfs) 39,9 214 19,0 19,0 19T | 19.9 19T :1Ts9 18.2 '19.0 | 19.3 - 20,8 © 20.4 . 226 245 20,1 20.2 . 22.1 24,1 |31.6 9.8 9.6 20.1 10.9
k505.3 - : N 12.7 10,0 22.9 16.5

. 3.5 2.5 8.2 11.0

5501.2 (Bormal) 8.7 19.9  18.2  1D.h 18,0 [ 15,8 38k  17.5.. 1T.T- -1B.0 1.5 19,5 19.3 19.5  -20.8 15.0 . 18.6 19.3 20.2 | 23.9 11.2 - 10,9 19.5 . 10.9

368 & 335 21,9 201 - 20.1. 20,2 | 20,1 20.2 ~1B.8 -1B.8 19.1 [ 19.3  20.8 20,6 2L 22.8 20,2 19.9 . 20.8 22,1 | 26.7 12,5 12,3  2L.2 ' 12.0
k502.7 25,8 25.8 22.11.20.2 ) : - : : } .6 W6 221 16,5
(4,200 cts) AT 1T.3 1646 | 16.6 ’ : - ; sk .. 9.1 .18.k  12.9
k504 .2 2 22, 20,5 20,2 20.2 | 20,6 21.7 19.9 19,9 20,1 |20.2 2.9 22.1 -23.0 2b.8 21.b 21, 23.0 24.) | 26.7 12.0 ' 1.6 216 12,
%g.'r 19.7 1E.2 18.2 1B.6 | 1B.k iﬁ.z 17.5 17.5  IT.7 | IT+9 - 29:1 19,0 19.3.. 20.1 2 19.0 19.5 23.3 1.2~ 10.9 18.8 10.7
k500.6 (Norsal) 12.7 12,7 19.3 15.6
25% . 10.0 © 10.0° 16.6 12.0

h502.1 ‘ © 713002 20,0 1945 19.377°29.7 {719.5 "19.9 - 18.8 18,8 19.1 | 19.5 - 20.k. 206 . 20,8 22.1 19.9 19.7 20,2 -21.5 |25.4 121 12.0 20.1 1.8
h503.6 3.7 23.0 2k 21k 219 | 2.9 2.2 20.6 204 208 [ 206 21 2.0 248 3.7 . 24 2k 223 232 ] 26.7 132 130 25 130

Note: See Figure 14 for location of plesometers.
280 Pl 1C P as 4 by wvater mapomater.
soaximm and ainisun plesometric as by p cell.

s Reservoir slevation = 4,625 fest.

(S,W cts)
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A. Right flared wall of Outlet Bay 3.
Maximum depth of erosion is 3
inches at flared wall and 8 inches
in floor at stop-log slot. i

Al e
Left side of ‘center chute block in ™

Outlet Bay 2. . Maximum depth of
erosion is 17 inches.

GLENDO DAM OUTLET WORKS

Cavitation erosion on flow surfaces
after 1958 irrigation season.
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FIGURE 4.
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Figure 5
Report Hyd-461

B. Left flared wall of Outlet 3.

GLENDO DAM OUTLET WORKS

Cavitation-Erosion along flared walls after
1959 irrigation season.
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